Mechanical ventilation with O 2
Respiratory failure often complicates the postnatal course of extremely preterm infants whose lungs are incompletely developed. Treatment of such infants with mechanical ventilation (MV) and supplemental O 2 can be lifesaving, but if prolonged, it can elicit a chronic form of lung injury called bronchopulmonary dysplasia (BPD) (1) . The clinical and pathological features of this condition have changed considerably in recent years, likely reflecting major advances in perinatal care, including routine antenatal glucocorticoid treatment, postnatal surfactant replacement, and better respiratory and nutritional support. The salient pathological feature of this BPD variant, here defined as neonatal chronic lung disease (nCLD), is impaired formation of alveoli and pulmonary microvessels (2) (3) (4) , often attributed to lengthy exposure of developing lungs to high concentrations of inspired O 2 (5) and associated lung cell apoptosis (6, 7) . It is noteworthy, however, that nCLD rarely (if ever) develops without a history of MV, and sometimes occurs after only a brief exposure to extra O 2 (8) .
The incidence of nCLD remains high, especially among extremely preterm (,28 weeks gestation) infants (9) , who remain at risk for long-term respiratory dysfunction and disease, including bronchial asthma during childhood, and pulmonary emphysema in adults (10) . Effective treatment or prevention of ventilatorinduced lung injury (VILI) evolving into nCLD likely will derive from elucidating molecular mechanisms that cause the initial injury, which is a central aim of this study.
Authentic animal models of nCLD, featuring lengthy MV-O 2 of surfactanttreated, premature neonatal baboons and lambs, showed lung growth arrest linked to failed formation of alveoli and pulmonary microvessels, with epithelial and endothelial cell apoptosis, and matrix remodeling in response to increased lung elastase activity (11) (12) (13) (14) (15) . Studies with these animal models have identified dysregulated signaling of various growth factors (e.g., vascular endothelial growth factor [VEGF], platelet-derived growth factor [PDGF] , and transforming growth factor b [TGF-b]) in the pathogenesis of nCLD. Studies of mechanically ventilated newborn mice likewise showed impaired alveolarization and angiogenesis linked to aberrant VEGF, PDGF, and TGF-b signaling, with degradation and dispersion of elastin and increased apoptosis (16) (17) (18) . These adverse effects of MV-O 2 were suppressed by treatment with the elastase inhibitor elafin, which enabled alveolar formation and lung growth (19) .
Because epidermal growth factor receptor (EGFR) signaling plays a critical role in lung development (20) (21) (22) and can promote epithelial cell survival and proliferation (23) , we queried whether prolonged MV-O 2 of newborn mice might inhibit EGFR signaling, thereby contributing to lung growth arrest, as seen in nCLD. Preliminary studies showed that MV-O 2 reduced EGFR activity and also suppressed lung expression of Krüppel-like factor 4 (Klf4), a zinc-finger transcription factor that plays a major role in regulating the postnatal proliferation, migration, and differentiation of intestinal epithelial cells (24, 25) . Therefore, we performed studies to test the hypothesis that apoptosis and lung growth arrest evoked by MV-O 2 reflect disrupted phosphorylated EGFR (pEGFR)-Klf4 signaling, and to determine whether treatment with elafin, which enabled lung growth in prior studies of mechanically ventilated newborn mice (19, 26) , would preserve pEGFR-Klf4 signaling and protect against apoptosis during lengthy MV-O 2 .
In addition to studies with neonatal mice and cultured MLE cells, we conducted human studies in which premature infants born at ,32 weeks of gestation were followed in the neonatal ICU at Lucile Packard Children's Hospital to determine whether infants destined to acquire nCLD had higher levels of elastase and lower levels of elafin in plasma, and greater urinary excretion of desmosine, an elastin breakdown product, than infants without nCLD.
Methods Experimental Design
This investigation comprised five sets of experiments: 1) 8-hour pilot studies to assess the short-term effects of MV-O 2 on lung expression of pEGFR, Klf4, and Akt (cell survival); 2) 24-hour studies to determine the long-term effects of MV-Air and MV-O 2 on the lung protein content of pEGFR and Klf4, and cell survival; 3) 16-to 24-hour studies to assess the impact of elafin on pEGFR-Klf4 signaling and apoptosis during MV-O 2 ; 4) in vitro studies to assess EGFR-Klf4 linkage and its impact on survival of cultured MLE-12 cells (ATCC); and 5) clinical studies of plasma elastase and elafin levels in preterm infants with evolving nCLD.
In vivo studies. Three-day-old (8-h pilot studies) and 5-day-old (subsequent 8-h and 16-to 24-h studies) full-term Balb/c mice were randomly assigned to either MV or unventilated controls (see data supplement for respiratory data; Table E1 ). In a subset of 16-to 24-hour studies, recombinant human elafin (Proteo-Biotech-AG) was given intratracheally (1 mg/g body weight [bw]) immediately before MV began. In the 16-hour studies, an additional elafin dose (2 mg/g bw) was given subcutaneously after 8 hours of MV. Ventilation data, anesthesia, routine care, and physiological monitoring (16, 19) are described in the data supplement. Surgical procedures and experimental protocols were approved by Stanford University's institutional animal care and use committee. For further details, see the data supplement.
Tissue Assays
Elastase activity assay. Lung tissue was stored at 280 8 C for measurement of serine elastase activity using the DQ-elastin substrate assay (15) . For further details, see the data supplement.
Protein extraction and immunoblots.
Lungs were frozen in liquid N 2 and stored at 280 8 C for protein extraction and immunoblot protein measurements as previously described (16, 17) . For further details, see the data supplement.
RNA extraction and mRNA measurement. RNA extraction and qRT-PCR were performed as previously described (16) 
Clinical Relevance
This paper presents novel and important findings related to the molecular basis (EGFR-Klf4 signaling) and potential treatment (by elafin, which inhibits elastase activity and activates pEGFR-Klf4 signaling) of neonatal lung injury caused by lengthy mechanical ventilation. The paper also presents new and important clinical data demonstrating that elevated plasma levels of neutrophil elastase and increased urinary excretion of desmosine, an elastin degradation product, may serve as biomarkers of evolving bronchopulmonary dysplasia (neonatal chronic lung disease).
vehicle (DMSO). For further details, see the data supplement.
siRNA transfection. Anti-Klf4 siRNA or control siRNA was transfected into subcultured MLE-12 cells. For further details, see the data supplement.
Cell survival. Apoptosis was assessed using the Caspase-Glo 3/7 assay. Proliferation was assessed by MTT assay. Total luminescence and absorbance were measured in a plate reader. For further details, see the data supplement.
Clinical Biomarker Studies
Fifty-five infants born at ,32 weeks of gestation were enrolled into a longitudinal cohort of patients at Lucile Packard Children's Hospital. Stanford University's institutional review board approved the study. After informed parental consent was obtained, the infants were followed until 36 weeks after conception to determine whether they had acquired nCLD. Plasma samples were assayed by ELISA for human neutrophil elastase (HNE) and elafin, and urine desmosine was measured by mass spectrometry. For further details, see the data supplement.
Statistics
Continuous outcomes are expressed as mean 6 SD. We used the two-sample t test or ANOVA followed by a Bonferroni, Kruskal-Wallis, or Dunn's multiplecomparison test to compare outcomes between groups, and linear regression to assess associations (27) . Prism-6 software (GraphPad) was used for statistical analyses, with P , 0.05 denoting a significant difference. For further details, see the data supplement.
Results

MV Inhibits EGFR Activation and Klf4 Expression, and Reduces Cell Survival in Lungs of Newborn Mice
Our first goal was to determine whether the lung cell apoptosis and impaired alveolarization observed in newborn mice after lengthy MV with either air or 40% O 2 , as previously reported (18) , might be linked to defective EGFR signaling, which plays a critical role in postnatal lung growth and development (20) (21) (22) , and if so, whether this might lead to downstream suppression of Klf4, a gene known for its role in generating induced pluripotent stem cells (28) and contributing to epithelial cell survival and proliferation (23) (24) (25) .
Pilot studies showed that MV-O 2 for 8 hours reduced the lung abundance of pEGFR protein by z50%, indicating reduced receptor activation ( Figure  E1A ). Concurrently, the lung abundance of phosphorylation of Akt (pAkt) protein decreased by .50%, consistent with diminished cell survival ( Figure E1B ). Neither EGFR nor its ligands (amphiregulin, TGF-a, and epiregulin) showed a decrease in mRNA expression in response to MV-O 2 for 8 hours ( Figure E2) Figure E4 ), evoking speculation that disrupted pEGFR-Klf4 signaling might account for the lung growth arrest observed in newborn mice after prolonged MV-O 2 .
These preliminary results led us to assess the impact of longer MV (24 h) with either air or 40% O 2 on the lung abundance of pEGFR, Klf4, and p21 (cell survival index) proteins. MV-Air and MV-O 2 for 24 hours decreased the lung content of pEGFR ( Figures 1A and 1B) and Klf4 ( Figures 1C  and 1D ) proteins. Reduced pEGFR and Klf4 protein abundance, elicited by MV, yielded a more than twofold increase of p21 protein (Figure 2 ), reflecting diminished lung cell survival.
Inhibiting EGFR Phosphorylation or Suppressing Klf4 Decreases the Survival of Cultured Lung Epithelial Cells
These findings prompted us to consider a possible link between impaired pEGFR-Klf4 signaling and lung cell survival in studies using cultured MLE-12 cells. Exposure of MLE-12 cells to tyrphostin (AG1478), an EGFR tyrosine kinase inhibitor, reduced pEGFR ( Figure 3A ) in three independent experiments, whereas the cell content of total EGFR protein was unchanged (data not shown). pEGFR inhibition decreased pAkt protein by 40% ( Figure 3B ), indicating reduced cell survival. Consistent with these findings, cell proliferation decreased ( Figure 3C ) and apoptosis increased ( Figure 3D ) in response to AG1478.
Based on our in vivo data supporting a possible association between Klf4 expression and epithelial cell survival, we tested the effect of siRNA suppression of Klf4 protein abundance in cultured MLE-12 cells ( Figure 4A ), and found that it increased p21 protein, a downregulator of cell-cycle progression, by more than twofold ( Figure 4B ). Likewise, Klf4 suppression by siRNA transfection yielded reduced proliferation ( Figure 4C ) and increased apoptosis ( Figure 4D ) of MLE-12 cells, confirming the importance of Klf4 in maintaining epithelial cell viability.
EGFR Signaling Regulates Klf4 Protein Expression in Lung Epithelial Cells
To test for linkage between EGFR activation and Klf4 content in lung epithelial cells, MLE-12 cells were grown to confluence and treated with AG1478 for 24 hours in FBSrich medium. In five such studies, the cell content of Klf4 protein decreased by >50% in response to inhibition of pEGFR ( Figures  4E and 4F ), suggesting that EGFR activation has an important role in regulating Klf4 abundance in MLE cells.
Elafin Treatment during MV-O 2 Suppresses Lung Elastase Activity and Apoptosis, Preventing the Reduced pEGFR and Klf4 Observed in the Lungs of Control Mice
Prior studies from our lab showed that inhibiting protease activity, specifically elastase and matrix metalloproteinase-9 (MMP-9) activity, in mechanically ventilated newborn mice by treatment with elafin prevented the degradation of lung elastin that occurred in control pups exposed to lengthy MV-O 2 , and thereby suppressed apoptosis, which allowed for alveolar septation and lung growth (19) . We questioned whether the protective effect of elafin on lung growth during MV-O 2 might relate to preserved pEGFRKlf4 signaling. We discovered that elafin treatment of mechanically ventilated 5-dayold mice, besides suppressing lung elastase activity ( Figure 5A ) and apoptosis ( Figure 5B ), mitigated the decrease of pEGFR ( Figure 5C ) and Klf4 ( Figure 5D ) observed in the lungs of vehicle-treated control pups during MV-O 2 . Immunohistochemistry for Klf4 in histologic sections of lung taken from newborn pups after MV-O 2 for 24 hours showed that elafin treatment increased the lung abundance of nuclear Klf4 protein compared with that observed in R/L-treated controls (Figures 5E and 5F).
High Plasma Levels of HNE Serve as a Biomarker of nCLD in Premature Infants
Previous reports postulated that HNE might play a critical role in the pathogenesis of nCLD (29) (30) (31) . Those studies showed elevated elastase in airway secretions of preterm infants with evolving nCLD. Based on these reports, and observations of increased lung elastase activity in preterm lambs with evolving nCLD (15) and newborn mice exposed to lengthy MV-O 2 (17), we conducted a prospective study to determine whether plasma levels of HNE might enable early postnatal detection of nCLD. Of 55 infants born at ,32 weeks of gestation (29 6 3 weeks, birth weight 1.4 6 0.6 kg) enrolled in the study, 15 acquired nCLD, as assessed by the need for supplemental O 2 at 36 weeks after conception. All infants with nCLD were born at <29 weeks of gestation and received respiratory support (MV or continuous positive airway pressure) for varying periods, yielding a 55% incidence (15/27) of nCLD in this group of extremely premature infants. Additional details are provided in the data supplement, which includes two tables listing demographic and clinical data for infants with and without nCLD.
Plasma HNE levels were significantly higher in infants with evolving nCLD than in infants without nCLD (401 6 143 vs. 177 6 179 ng/ml, respectively; P , 0.01) ( Figure 6A ). Plasma elafin levels were similar in infants with and without evolving nCLD (63 6 23 vs. 55 6 27 ng/ml, respectively) ( Figure 6B ), suggesting that preterm infants with evolving nCLD were unable to generate a sufficient compensatory response to counterbalance heightened HNE levels. Urine desmosine excretion did not differ significantly between infants who acquired nCLD and those who did not. There was, however, a significant correlation between plasma HNE and urine desmosine levels among infants with nCLD ( Figure 6C ). The value of plasma HNE for differentiating between infants with and without nCLD was assessed by means of a receiver operating characteristic (ROC) analysis, which yielded an area under the ROC curve of 0.835 (95% confidence interval, 0.73-0.94), confirming a robust discriminating power for HNE measurements to predict evolving nCLD ( Figure 6D To assess proliferation, cells were grown in 96-well plates until they were nearly confluent, exposed to serum-reduced medium overnight, and then exposed to AG1478 for 24 hours. Cell proliferation was measured with the MTT assay (n = 6; mean and SD; *P , 0.05). (D) To assess apoptosis, cells were grown in 96-well plates until they were nearly confluent, exposed to serum-reduced medium overnight, and then exposed to AG1478 for 9 hours in serum-free medium. Apoptosis was measured with the Caspase-Glo 3/7 assay (n = 6; mean and SD; *P , 0.05).
phosphorylation and causes reduced lung cell survival and impaired alveologenesis. The in vitro studies with MLE-12 cells confirm the importance of EGFR activation in preserving lung epithelial cell survival and proliferation.
Our observation that lengthy MV-O 2 of newborn mice not only suppresses EGFR activation but also increases lung mRNA and protein expression of the EGFR ligand amphiregulin evokes speculation that MVinduced inhibition of pEGFR can trigger epithelial release of its ligands. A study of preterm lambs also noted a striking increase in gene expression of EGFR ligands, including amphiregulin, in response to MV (35) . Likewise, in a study of isolated, perfused adult mouse lungs, high-pressure MV yielded a more than fivefold increase of amphiregulin gene expression (36) . A study that examined the genomic response of cultured primary rat alveolar epithelial cells exposed to cyclic stretch for 6 hours showed a fourfold increase of amphiregulin mRNA (37) , confirming that lung epithelial cells produce EGFR ligand in response to mechanical stretch.
In another study, Bierman and colleagues explored a possible role of EGFR signaling in the lung injury that occurs in adult mice exposed to MV (38) . In contrast to our study, in which MV with modest tidal volumes (7-10 ml/g bw) for 24 hours suppressed pEGFR in the lungs of newborn mice, pEGFR increased in the lungs of adult mice subjected to MV for 2 hours with very large tidal volumes (30 ml/kg bw). This MV strategy, which was applied specifically to cause VILI in mature mice, yielded significant neutrophil migration and protein leak into BAL fluid, which was attenuated by treatment with the EGFR inhibitor AG1478 (38) . The authors concluded that EGFR-activated signaling could contribute to the lung injury observed in adult mice exposed to highvolume MV. Several major differences in study design might account for the apparently conflicting results between the two studies: 1) the mouse strains differed (Balb/c newborns vs. CD1 adults), 2) the ventilation strategies differed (much smaller tidal volumes and longer MV in newborns vs. adults), and 3) the stages of alveolar formation differed greatly, which presumably accounts for the contrasting pathologies observed in newborn (lung growth arrest with impaired alveologenesis) versus adult (prominent inflammation and edema) lungs exposed to MV. However, we cannot exclude the possibility that the response of EGFR signaling to MV or MV-O 2 is developmentally regulated in mice. The findings of our study indicate that EGFR signaling likely plays an important role in alveolar formation, in contradistinction to the adult lung, wherein MV-activated EGFR signaling might contribute to the development of VILI.
Klf4 Increases in the Lungs at Birth and Is Suppressed by MV
Klf4, which belongs to a family of zinc finger-containing transcription factors, regulates cell survival through its antiapoptotic activity and interaction with cell-cycle-regulating molecules, such as cyclin-dependent kinase inhibitor p21 and the tumor suppressor protein p53 (39) (40) (41) (42) . Klf4 is one of four transcription factors that, when applied together with Oct3/4, Sox2, and c-Myc, can reprogram embryonic stem cells or adult fibroblasts to generate induced pluripotent stem cells (28) . The role of Klf4 in lung development is unclear. Klf4-null mice die soon after birth with epithelial barrier dysfunction and rapid leak of body fluids through the skin, without documented lung pathology (43) . Klf4 was shown to play a critical role in maintaining genetic stability in mouse embryonic fibroblasts by protecting against oxidative stress and DNA damage, and modulating associated repair processes (44, 45) . Klf4 gene expression is abruptly upregulated in the lungs at birth in response to air breathing and increased oxygenation. Klf4 protein is expressed in neonatal lung fibroblasts and epithelial cells, wherein it is postulated to regulate proliferation, apoptosis, and myofibroblast differentiation (46) . Here, we show for the first time that Klf4 mRNA expression and protein abundance are reduced in the lungs of newborn mice exposed to MV. As Klf4 is known to inhibit apoptosis, the finding of Klf4 suppression likely accounts, at least partially, for the increased p21 protein abundance and apoptosis detected in the lungs of newborn mice after lengthy MV-O 2 . Our observation that Klf4 suppression in cultured lung epithelial cells increased apoptosis and reduced proliferation supports this notion. Klf4 protein in lung epithelial cells decreased in response to EGFR inhibition, showing a regulatory link between EGFR and Klf4, which when disrupted can lead to apoptosis and defective alveologenesis, as seen in nCLD.
Elafin Preserves EGFR-Klf4 Signaling in Lungs of Newborn Mice during MV-O 2
Elafin is a low-molecular-weight (z6 kD) inhibitor of HNE and proteinase-3. It is expressed in several human tissues, notably skin and lung (47) , and is secreted by airway epithelial cells (48, 49) . Elafin is not constitutively expressed in mice (50) , but in a previous study we showed that neonatal mice genetically modified to express elafin in their pulmonary vascular endothelium were protected against the adverse effects of MV on lung growth (26) . Whereas wildtype pups, in response to MV-O 2 for up to 36 hours, exhibited elastin degradation and defective alveologenesis linked to increased lung elastase activity, inflammation (associated with increased activation of NF-kB and TGF-b), and apoptosis, these changes were prevented or greatly attenuated in elafin-expressing pups. In a related study, intratracheal treatment of mechanically ventilated newborn mice with recombinant human elafin yielded similar results: elafin treatment blocked elastase and MMP-9 activity, as well as NF-kB and TGF-b activation, thereby preventing the elastin degradation, increased apoptosis, and defective alveolar formation noted in lungs of vehicle-treated mice after MV-O 2 for 24 hours (19) .
These earlier studies led us to explore the possible impact of elafin treatment on the altered EGFR-Klf4 signaling and lung cell apoptosis that occurred in response to lengthy MV-O 2 . The mechanism by which elafin helps preserve pEGFR and Klf4 protein abundance in lungs of pups on MV-O 2 is unclear. Although elafin's benefit in preserving pEGFR-Klf4 signaling may relate to elastase and MMP-9 inhibition, other actions of elafin merit consideration. These include the aforementioned inhibitory effects of elafin on NF-kB and TGF-b activation, as previously reported in studies using the same mechanically ventilated neonatal mouse model (19, 26) . Similarly, a study done with adult mice confirmed that treatment with an inhibitor of neutrophil elastase (Sivelestat) or NF-kB (SN50) reduced the severity of lung injury associated with short-term, high-tidalvolume MV (51) . Thus, besides inhibiting elastase and MMP-9 activity, elafin may help to prevent or attenuate neonatal lung injury by suppressing the inflammatory response to mechanical stretch via inhibition of NF-kB or TGF-b, or both. In addition, our group recently showed that elafin treatment effectively reversed experimental pulmonary hypertension in rats, and promoted angiogenesis by increasing bone morphogenetic protein receptor 2 (BMPR2) signaling, an effect linked mechanistically to enhanced interaction of BMPR2 with caveolin-1 via elafin-mediated stabilization of endothelial surface caveolin-1 (52) . A related study showed that stretch-induced activation of EGFR and Akt in rat glomerular mesangial cells requires phosphorylation of caveolin-1 (53) . Based on the finding that elafin can promote endothelial cell proliferation and angiogenesis via caveolin-1-dependent amplification of BMPR2 signaling, we speculate that elafin similarly may stabilize caveolin-1 on the surface of lung epithelial cells, thereby enabling EGFR phosphorylation and Klf4 expression, contributing to enhanced cell survival.
The molecular pathway through which EGFR-Klf4 signaling occurs remains unknown. Two previous reports, however, have provided compelling evidence that Erk5, sometimes referred to as Mek5, may be a key pathway linking pEGFR and Klf4. The first of these studies was reported 20 years ago, showing that the EGF is a potent activator of Erk5, which is part of a distinct MAP-kinase signaling pathway required for EGF-induced cell proliferation and progression through the cell cycle (54) . A subsequent study identified Klf4 as an important downstream target of Erk5, and provided strong evidence that Erk5 activation in human primary endothelial cells elicits an overall protective phenotype, notably featuring increased resistance to apoptosis, and decreased inflammatory potential-a protective effect that Klf4 expression reproduced in the endothelial cells (55) . These interesting studies, which were conducted exclusively with endothelial cells, raise the question of whether the same pathway (EGF-pEGFR-Erk5-Klf4) plays a critical role in homeostasis/survival and proliferation of lung epithelial cells exposed to cyclic stretch and/or hyperoxia, and whether elafin treatment would favorably impact this pathway with respect to Erk5 activation and Klf4 expression.
HNE in Plasma as a Biomarker of Evolving nCLD
Abundant, disorganized lung elastin is a prominent feature of evolving nCLD. Previous reports on lung pathology of infants who died with BPD described a striking accumulation of thickened, tortuous, and irregularly distributed elastic fibers in distal lung parenchyma, which was associated with decreased septation and fewer alveoli compared with control lungs (56, 57) . Urine desmosine, a biomarker of elastin breakdown, increased during the first week of MV in infants with evolving BPD (58) . Degradation of lung elastin was attributed to inflammation associated with infection and O 2 toxicity (59). In a study of very premature infants who were especially susceptible to lung injury and BPD, treatment with an a 1 -proteinase inhibitor during the first 2 weeks after birth significantly decreased the incidence of pulmonary hemorrhage, with a nearly significant decline (P = 0.06) in the incidence of BPD (60) .
These clinical reports, coupled with increased lung elastase activity measured in preterm infants with evolving BPD (29) (30) (31) and relevant animal models (15, 17, 19, 26) , provided a strong rationale to determine whether measuring plasma HNE in very premature infants might serve as a biomarker of lung injury, and perhaps help to define the risk for BPD. Our finding that plasma HNE levels were more than twofold higher among extremely premature infants with evolving nCLD compared with nonafflicted infants confirms the potential value of early postnatal measurements of HNE as an indicator of lung injury and a prelude to the development of nCLD. The failure of plasma elafin levels to increase in response to the postnatal increase of HNE observed in premature infants at risk for nCLD raises the question of whether early treatment with an elastase inhibitor (elafin) might help to protect against development of nCLD-a question worthy of further study in authentic animal models of this disease.
Working Model MV-O 2 . As shown in Figure 7A , prolonged cyclic stretch with O 2 -rich gas increases lung elastase activity and inhibits pEGFR, which downregulates expression of the nuclear transcription factor Klf4, thereby increasing apoptosis and disrupting alveologenesis. As shown in Figure 7B , elafin treatment inhibits elastase activity and enables EGFR phosphorylation. Increased pEGFR upregulates Klf4 protein abundance in lung epithelial cells, and together these effects suppress apoptosis Human neutrophil elastase (HNE) protein (ng/ml) and elafin protein (ng/ml) levels in plasma of very premature infants (gestational age ,32 weeks at birth), showing significantly greater elastase levels over time (A), without a corresponding increase of elafin levels over time (B), in infants with evolving neonatal chronic lung disease (nCLD; black circles; n = 15) compared with control infants who did not acquire nCLD (gray circles; n = 8). Dashed black regression lines represent plasma levels over time for very premature infants with evolving nCLD; dashed gray regression lines represent plasma levels over time for control very premature infants who did not acquire nCLD. For plasma elastase levels (A), the difference between groups (nCLD compared with non-nCLD) was significant, *P , 0.01. For plasma elafin levels (B), there was no significant difference between nCLD and non-nCLD, though there was a trend (P . 0.05) for elafin levels to be higher in the infants with nCLD compared with those without nCLD in the interval between 32 and 36 weeks gestation. (C) A log plot of urine desmosine concentration, expressed relative to urine creatinine concentration, correlates with elastase concentrations measured in plasma samples obtained from 15 preterm infants with evolving nCLD. The oblique line represents the regression, and the shaded area is the 95% confidence interval (CI) for the regression line (r = 0.54, P , 0.01). The 23 plotted points include measurements made on repeated samples obtained from some of the infants; the regression is adjusted for repeated measures. (D) Receiver operating characteristic (ROC) curve for the relationship between HNE measured in plasma and the development of nCLD among premature infants. The value of plasma HNE for differentiating between nCLD and no nCLD was assessed by the area under the ROC curve, which at 0.835 (95% CI, 0.730-0.938) provided evidence of a robust discriminating power for HNE measured in plasma as a predictor of evolving nCLD. Adjustments for gestational age did not alter this strong relationship between HNE and outcome. and promote lung growth during lengthy MV-O 2 . The mechanism by which elafin activates EGFR-Klf4 signaling is unclear, but several known actions of elafin might be operative in sustaining the EGFR-Klf4 axis. By inhibiting elastase activity, elafin might block proteolytic cleavage of EGFR or its ligands from the extracellular membrane, thereby promoting EGFR activation and enabling EGFR-Klf4 signaling. Elafin also inhibits inflammation associated with activation of NF-kB and TGF-b, which in turn may help preserve the prosurvival link between EGFR and Klf4. As elafin was shown to promote endothelial cell proliferation and angiogenesis via caveolin-1 amplification of BMPR signaling, it is possible that elafin has a similar effect of augmenting the interaction of caveolin-1 with EGFR on the surface of lung epithelial cells exposed to MV-O 2 , thereby promoting EGFR activation and downstream Klf4 signaling.
The increased elastase activity measured in lungs of newborn mice exposed to lengthy MV-O 2 supports our clinical observations that elastase levels in plasma and urinary desmosine excretion are significantly increased in infants with evolving nCLD. These findings suggest that HNE measurement in plasma may serve as an early postnatal biomarker of evolving BPD. n Author disclosures are available with the text of this article at www.atsjournals.org. 
